H ybrid breeding in wheat has tremendous potential to break the yield barrier and signifi cantly enhance the yield stability especially in marginal environments. The basic requirements for hybrid wheat breeding such as positive values of better parent heterosis and economic hybrid seed production systems seem to be achievable at a commercial level (for review, see Longin et al., 2012; Volker Lein, unpublished data, 2012) . Commercial hybrid wheat breeding is conducted in Europe, China, and India. Currently, Europe is the main hybrid wheat growing region with acreage of around 160,000 ha in France and around 25,000 ha in Germany in 2010 (de Castelbajac, 2010 .
For hybrid wheat breeding, a large number of potential parental lines are available resulting in an enormous number of cross combinations for fi eld evaluation. To cope with the large
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ABSTRACT
Knowledge of quantitative genetic parameters is crucial in allocating resources for different steps of multistage selection programs. The main objective of the present study was to investigate the magnitude of variance of general combining ability (GCA) and specifi c combining ability (SCA) effects and their interaction with environments in wheat (Triticum aestivum L.). We used four data sets (Exp. 1, 2, 3, and 4) generated in commercial hybrid winter wheat breeding programs with a total of 940 hybrids evaluated in multienvironment trials in 2010 and 2011 in France. In at least three out of four experiments, general combining ability variance for females (σ 2 GCA-F ), specifi c combining ability variance (σ 2 SCA ), general combining ability of females × environment interaction variance (σ 2 GCA-F×E ), and general combining ability of males × times environment interaction variance (σ 2 GCA-M×E ) were signifi cantly larger than zero but general combining ability variance for males (σ 2 GCA-M ) was signifi cant only in Exp. 4. For Exp. 3, we found no signifi cant difference between the best performing hybrid and the best performing commercial variety. In contrast, 1.8% of hybrids in Exp. 2 and more than 21% of the hybrids in Exp. 1 and 4 signifi cantly (P < 0.05) outperformed the best commercial variety included in the respective experiment. This superiority was even apparent when projecting our fi ndings on line varieties of the same cycle of selection. In Exp. 2, 3, and 4, general combining ability variance (σ 2 GCA ) was more pronounced compared to σ 2 SCA . Moreover, correlation between GCA predicted and observed hybrid performance was medium to high (r Exp.1 = 0.50, P < 0.01; r Exp.2 = 0.90, P < 0.01; r Exp.3 = 0.59, P < 0.01; and r Exp.4 = 0.92, P < 0.01). Consequently, selection based on GCA effects is promising in hybrid wheat breeding program.
number of potential crosses, multistage selection programs are commonly applied in hybrid breeding programs (e.g., Longin et al., 2006 Longin et al., , 2007a Longin et al., , 2007b Longin et al., , 2009 Geiger, 2008a, 2008b) . In the fi rst stage, the potential parental lines are selected by evaluating large numbers of lines for their performance (denoted in the following as per se performance). The effi ciency of this step depends on the correlation between per se and hybrid performance, which decreases with increasing relevance of dominance and epistatic eff ects (Oury et al., 2000) . In a second stage of selection, parental lines are evaluated and selected based on their general combining ability (GCA) eff ects. In the fi nal step, promising hybrid combinations are chosen based on both GCA and specifi c combining ability (SCA) eff ects.
The challenge for a hybrid breeder is to allocate the test resources in a multistage selection program in an optimum way to maximize the selection gain under a restricted budget (Cochran, 1951; Utz, 1969) . Optimum allocation of test resources such as population sizes and number of plots used to evaluate per se performance and GCA and SCA eff ects can be determined using simulation studies (e.g., Longin et al., 2006 Longin et al., , 2007a Longin et al., , 2007b Geiger, 2008a, 2008b) . The result of these simulation studies depends on a detailed knowledge of relevant quantitative genetic parameters such as (i) genetic correlation of per se and hybrid performance, (ii) genetic correlation between GCA eff ects and hybrid performance, and (iii) the ratio of variance due to GCA and SCA and their interaction with environments. Several studies investigated the correlation between per se and hybrid performance in bread wheat (e.g., Oury et al., 2000; Dreisigacker et al., 2005) and durum wheat [Triticum turgidum L. subsp. durum (Desf.) Husn. (syn. Triticum durum L.)] (e.g., Gowda et al., 2010) . In contrast, little is known on the relative importance of variance due to GCA versus SCA and their interactions with environments (for review, see Longin et al., 2012) . Moreover, to our knowledge no study has been published in wheat on the correlation between GCA eff ects and the hybrid performance.
We used in total four data sets from 2 yr of two commercial hybrid winter wheat breeding programs to study relevant parameters to optimize multistage selection programs. In particular, the objectives of the present study were to (i) investigate the magnitude of general combining ability variance (σ 2 GCA ) and specifi c combining ability variance (σ 2 SCA ) and their interaction with environments and (ii) evaluate the association between GCA eff ects and hybrid performance using leave-one-hybrid-out cross validation.
MATERIALS AND METHODS

Plant Materials and Field Experiments
The study is based on four diff erent experiments (1, 2, 3, and 4) refl ecting incomplete factorial crosses among European winter wheat lines of 2 yr of two commercial breeding programs of Saaten Union Recherche SAS, Estrées-Saint-Denis, France. For Exp. 1, 53 female lines were crossed with 17 male lines to produce 186 hybrids. For Exp. 2, 3, and 4, 33 × 26, 107 × 28, and 141 × 43 , female × male parental combinations were produced resulting in 111, 332, and 380 hybrids, respectively. Parents contributed in all four experiments in an unbalanced manner to the hybrids (Supplemental Fig. S1 , S2, S3, and S4). Three parents in each experiment were used as both male and female line in diff erent crosses. Males were emasculated using the chemical hybridizing agent (CHA) Croisor (sintofen; former Dupont-Hybrinova, Saaten Union Recherche). To avoid pollen contamination from other male parents, each crossing block consisted of one male and several females were isolated by at least 16 m distance from the adjacent crossing blocks.
Hybrids were evaluated together with one to six commercial varieties ('Soissons', 'PR22R58', 'Caphorn', 'Aubusson', 'Apache', 'Premio', 'Arezzo', 'Bermude', and 'Altigo') for grain yield in unreplicated fi eld trials applying local control with check plots (Müller et al., 2010) . The check plots were placed at regular intervals of eight plots. In each experiment, three hybrids (selected among Hystar, Hybery, Hyscore, Hysun, and SURH-5519-576) were used as checks. Genotypes of Exp. 1 and 2 were evaluated at four environments in southern France 
Statistical Analysis
The check plots were used in a fi rst step to adjust the phenotypic data of the unreplicated hybrids and commercial varieties at each environment by using the UNREP procedure implemented in the software package PLABSTAT (Utz, 2001) . Adjusted genotypic values of commercial varieties and hybrids were used in the second step for best linear unbiased estimations across environments with the following model:
in which y ijm was the phenotypic performance of the ijth entry with parents i and j at the mth environment, μ was an intercept term, p ij, was the genotypic eff ect of the ijth entry, l m was the eff ect of the mth environment, and e ijm was the residual, which is confounded with genotype × environment interaction variances. We assumed fi xed genotypic eff ects and random environment eff ects.
The adjusted values of hybrids of each environment were also used to estimate variance components of GCA and SCA with the following model for each experiment separately:
in which y ijk was the phenotypic performance for the hybrid between parental lines i and j at kth environment, μ was an overall mean, g′ i was the GCA eff ect of the ith female line, g″ j was the GCA eff ect of the jth male line, s ij was the SCA eff ect of crosses between lines i and j, (g′l) ik and (g″l) jk were GCA × environment interaction eff ects of female and male lines, respectively, of hybrids in Exp. 2 performed signifi cantly (P < 0.05) higher than the best commercial variety (Fig. 1) . In particular, the best performing hybrid in Exp. 1 and Exp. 4 surpassed the best yielding commercial variety by more than 1 Mg ha −1
. In Exp. 1 and 4, we observed for the top fi ve hybrids a lower coeffi cient of variation compared to the commercial varieties (Supplemental Fig. S5 ). In contrast, for Exp. 2 and 3, coeffi cient of variation was higher for hybrids compared to the commercial varieties. We observed a medium to high correlation (r Exp.1 = 0.50, P < 0.01; r Exp.2 = 0.90, P < 0.01; r Exp.3 = 0.59, P < 0.01; and r Exp.4 = 0.92, P < 0.01) between GCA predicted hybrid performance and observed hybrid performance using leave-one-hybrid-out cross validation (Fig. 2) .
DISCUSSION
In winter wheat, most hybrid breeding programs are conducted as a spin-off of line breeding programs . As a result, available parental lines are thoroughly preselected based on their per se performance (Volker Lein, unpublished data, 2012) . Consequently, optimum allocation of resources for hybrid breeding programs depends on plots used to test for GCA eff ects versus plots used to evaluate GCA and SCA eff ects. This stimulated us to use the data of commercial hybrid wheat breeding programs to estimate relevant quantitative genetic parameters as a fi rst step toward allocating resources for GCA and GCA with SCA tests in hybrid wheat breeding.
and e ijk was the residual, which was confounded with SCA × environment interaction eff ects. All variance components were determined by the restricted maximum likelihood method by using the software ASReml version 3.0 (Gilmour et al., 2009 refers to residual variance confounded with specifi c combining ability × environment interaction variance. Commercial heterosis (CH) (Dhillon and Singh, 1977) was calculated for each hybrid as CH = F 1 − Check, in which F 1 denotes the grain yield performance of the hybrid and Check refers to the grain yield of the best performing commercial variety of the respective experiment. We used the LSD at an α level of 5% to test whether a hybrid outperformed the best commercial variety in each experiment.
As a rough estimate of yield stability, we calculated the coeffi cient of variation as the ratio of standard deviation to mean performance of the selected samples, for the fi ve hybrids with highest grain yield performance and fi ve best commercial varieties from each experiment. We tested for each experiment the Pearson's correlation of hybrid performance with the sum of GCA eff ects of both parents (GCA of parent i + GCA of parent j) using a leave-one-hybrid-out cross validation as explained in detail by Schrag et al. (2009) .
RESULTS
Heritability was medium in Exp. 1, 2, and 4 (0.41-0.52; 
Relevance of General Combining Ability Effects in Wheat
Assuming absence of epistasis, σ 2 GCA corresponds to the variance of the additive eff ects and σ 2 SCA to the variance of dominance eff ects (Falconer and Mackay, 1996) . Studies in the selfi ng model species Arabidopsis thaliana (L.) Heynh., however, revealed that genetic variation of complex traits is signifi cantly aff ected also by epistasis (e.g., Malmberg et al., 2005) . Focusing only on digenic epistatic interactions, the fi ndings also point toward the direction that among the diff erent components variation due to additive × additive eff ects are prevailing. It can be shown that σ 2 GCA and σ 2 SCA are infl uenced with the same magnitude by variance due to additive × additive epistasis (Reif et al., 2007) . Consequently, the ratio of σ 2 GCA and σ 2 SCA is not aff ected by variation of additive × additive epistasis.
Assuming absence of epistasis, the ratio of σ 2 GCA versus σ 2 SCA in breeding populations increases with decreasing relevance of the dominance eff ect and with increasing genetic divergence of the parental populations(for detailed review, see Reif et al., 2007) . Male and female lines used in this study belonged to the same breeding population and therefore, only a limited genetic divergence is expected among the parental lines. Therefore, if dominance eff ects are relevant, substantial proportion of σ 2 SCA is expected. In accordance with this expectation, we observed σ 2 SCA greater than zero in three out of the four experiments (Table 1) . Nevertheless, σ 2 GCA was on average more pronounced compared to σ 2 SCA , which points to higher values of additive versus dominance eff ects. Our fi ndings are in accordance with previous surveys in wheat (Borghi and Perenzin, 1994; Perenzin et al., 1998) , which clearly underlines that selection based on GCA eff ects is promising and its application in multistage selection programs is relevant.
The eff ectiveness of GCA based selection was also evident by considering the tight association between the sum of GCA eff ects and hybrid performance (Fig. 2) . Implementing GCA based selection in hybrid breeding, however, has practical constraints. Conducting GCA tests for male lines is time and resource demanding, as top cross seed has to be produced in isolation plots for every male separately. In contrast, production of top cross seeds of the female lines and the use of CHA is straightforward (Kempe and Gils, 2011) . Consequently, at least for the ) evaluated in three to four environments in France. H, hybrid mean performance. Numbers 1 to 9 indicate means of different commercial line varieties (1, Soissons; 2, PR22R58; 3, Caphorn; 4, Aubusson; 5, Apache; 6, Premio; 7, Arezzo; 8, Bermude; 9, Altigo).
female lines GCA tests are recommended in a multistage hybrid breeding program in wheat.
The magnitude of the GCA variance for males was much smaller than the GCA variance for females in three out of four experiments (Table 1 ). This can be explained by the use of a lower number of male compared to female lines (Supplemental Fig. S1 , S2, S3, and S4). Moreover, frequency of potential high yielding male lines possessing good pollination capability is low (for review, see D'Souza, 1970) leading to a strong selection pressure for male lines. The observed higher magnitude of the GCA variance for males compared to females in Exp. 4 was surprising and may refl ect fi rst success of the emphasis to widen the genetic bottleneck of the male pool.
The relevance of σ 2 GCA points toward a benefi t to emphasize in parental selection those lines with high GCA eff ects, which is an estimate of the breeding value (Hallauer and Miranda, 1988) . This would enable the breeder to exploit selection gain in hybrid wheat breeding most effi ciently in a recurrent sense. In hybrid breeding the per se performance of a line in parental selection is effi cient only if the correlation between GCA eff ects and per se performance is high. The diff erence between breeding values of an individual for line as compared to hybrid breeding is due to dominance eff ects (Falconer and Mackay, 1996) . A previous study with wheat parental lines adapted to European condition showed a moderate correlation of 0.48 between GCA eff ects and per se performance (Oury et al., 2000) . This suggests that the breeding value of an individual is diff erent for line as compared to hybrid breeding. Consequently, if hybrid breeding is conducted as a spin-off from line breeding only a limited proportion of the variance of the breeding values is exploited in a recurrent manner. Therefore, it may be an attractive alternative to conduct pure hybrid wheat breeding programs. The competitiveness of hybrid versus line breeding, however, depends on the selection gain per time unit. This is a function of the genetic variance components and their interaction with the environments (Longin et al., 2007b .
Relevance of Quantitative Genetic Parameters to Optimize Hybrid Wheat Breeding Programs
In a breeding program, optimum allocation of resources and expected selection gain are considerably infl uenced by the relative proportion of the genetic variance components, their interaction with environments, and the variance of the residuals (Longin et al., 2007a (Longin et al., , 2007b Geiger, 2008a, 2008b; Tomerius et al., 2008; Wegenast et al., 2008 Wegenast et al., , 2009 Wegenast et al., , 2010 . The magnitudes of error variance and/or interaction variance are crucial in optimization of a breeding scheme. In the present study, we observed for σ is very high, which severely aff ects the selection gain; however, for the other three experiments, the σ 2 GCA×E was within expected range as evident with moderate heritability. Except for Exp. 3 where we observed a very low heritability, the observed proportion of total variance components and their interactions with environments are comparable to those used previously in simulation studies in maize (Longin et al., 2007a (Longin et al., , 2007b Wegenast et al., 2009) . Consequently, the results of the above mentioned simulation studies conducted in maize can be used as an initial step toward elaborating the optimum allocation of resources in hybrid wheat breeding.
Prospects of Hybrid Breeding in Wheat
The prospect of commercialization of hybrids in wheat depends on the superiority of hybrids over existing commercial line varieties. In the present study, a high proportion of hybrids signifi cantly outyielded the best performing commercial varieties (Fig. 1) . The best performing commercial varieties (Premio, Burmude, and Altigo) used in our experiments were registered in 2006. Therefore, they do not refl ect the line varieties of the same cycle of selection. We assumed a selection gain of 1% per year (Graybosch and Peterson, 2010) and projected the CH to the time of registration. Even with that more strict assumption we still observed a substantial amount of CH, which clearly underlines the potential of hybrid wheat breeding.
A popular hypothesis is that yield stability of hybrids is higher than that of line varieties (Koemel et al., 2004) . However, previous studies on relative stability of grain yield for hybrids versus lines reported contrasting results ranging from superiority (Jordaan et al., 1999) to similar yield stability (Bruns and Peterson, 1998; Koemel et al., 2004) . Our fi ndings are in accordance with these previous studies; using the coeffi cient of variation to describe the yield stability resulted for Exp. 1 and 4 in higher and for Exp. 2 and 3 in lower yield stabilities for hybrids as compared to line varieties. These fi ndings, however, have to be interpreted with care, because a precise evaluation of yield stability requires a very large number of environments. For instance, Piepho (1998) suggested using at least 50 to 200 environments for yield stability analysis.
CONCLUSIONS
The positive CH observed in our survey underlines the potential of hybrid wheat breeding. The predominance of variance due to GCA over SCA eff ects suggests that a high recurrent selection gain is possible in hybrid wheat breeding. Moreover, hybrid performance can be accurately predicted based on GCA eff ects of the parents. Implementing GCA tests is feasible for the female pool but very resource demanding for the male pool. Experimental studies in maize have shown that GCA eff ects can be predicted accurately using tools such as genomic selection (Zhao et al., 2012) . Consequently, implementing genomic selection especially to predict GCA eff ects of the male lines is a promising approach.
Supplemental Information Available
Supplemental material is available at http://www.crops. org/publications/cs. Supplemental Figure S1 . Crossing scheme of 53 females with 17 male lines to produce186 hybrids in Exp. 1 of winter wheat (white boxes indicates the presence of hybrids and black boxes absence of hybrids).
Supplemental Figure S2 . Crossing scheme of 33 females with 26 male lines and 111 hybrids in Exp. 2 of winter wheat (white boxes indicates the presence of hybrids and black boxes absence of hybrids).
Supplemental Figure S3 . Crossing scheme of 107 females with 28 male lines and 332 hybrids in Exp. 3 of winter wheat (white boxes indicates the presence of hybrids and black boxes absence of hybrids).
Supplemental Figure S4 . Crossing scheme of 141 females with 43 male lines resulting 380 F 1 hybrids in Exp. 4 of winter wheat (white boxes indicates the presence of hybrids and black boxes absence of hybrids).
Supplemental Figure S5 . Stability parameter coefficient of variation for top fi ve high yielding hybrids and the best commercial varieties in four diff erent experiments.
